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SUMMARY 



An experimental Investigation concerned primarily 
with the extension of test data on the drag of revolving 
disks, cylinders, and streaml'lne rods to high Mach 
numbers and Re^/nolds numbers is presented. A Mach num- 
ber of 2.7 was reached for revolving rods with Preon II3 
as the medium. The tests on disks extended to a 
Reynolds number of 7,000,000. Farts of ^the study are 
devoted to a reexamination of the von Karman-Prandtl 
logarithmic resistance law and the Ackare t-Taylor super- 
sonic drag form.ula and conditions for their validity. 
The tests confirm, in general, earlier theories and add 
certain new results. A finding of first importance is 
that the skin friction does not depend on the Mach num- 
ber « Of interest, also, are experimental results on 
re-voiving- rods- a±.,_very_ high Mach mjunbers, which show 

drag curves of the type f am.iliar " f i^m""bairi-s-tlc-s%-----/^^ 

new result which may have general applicability is that 
the effect of surface roughness involves two distinct 
parameters, particle size and particle unit density. 
The particle size uniquely determines the Reynolds num- 
ber at which the effect of the " ro ughne s s first appears, 
whereas the particle unit density determines the behavior 
of the drag coefficient at higher Reynolds members. 
Beyond the critical Reynolds number at which the roughness 
effect' ar^pears, the drag coefficient is found to be a 
function of unit density. In the limiting case of 
particle "saturation," or a maximum density of particles, 
the drag coefficient remains constant as the Reynolds 
number is increased. 
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THEORETICAL BACKGROITIJD 
Von Karman-Prandtl Theory fcr Pipes 



Measurements of the value of the skin friction 
between a fluid ar^"! a solid constitute one of the means 
for studying the nature of turbizlent flow. Most of the 
pioneer analytical work in this fle.ld is found in the 
papers by von Karman (references 1 and 2) and Prandtl 
(reference $). The treatment used in the first part of 
this section follows the work of Prandtl which, in turn, 
is closely related to the von Karman papers. The theory, 
which concerns the flow in pipes, is given in con- 
siderable detail as it forms the basis for the ' succeeding 
discussion on flat plates, cylinders, and disks. The 
theoretical work in this section constitutes mainly an 
attempt to analyze and organize earlier work found in 
many scattered articles. Considerable work along such 
lines has already been done by Goldstein, v;ho is 
responsible for an expression for the drag on revolving 
disks. 

The von Karman- Prandtl theory for flow in the 
turbulent layer is based on the following two assumptions: 

(1) The ratio of the velocity deficiency to the 
friction velocity is a function of geometric parameters 
only. 

(2) Ad.iacent to the wall, but beyond the laminar 
sublayer, the slope of the curve representing this ratio 
is inversely proportional to the distance from the wall. 
The constant of proportionality is a universal constant.. 

The friction velocity is defined as 



(All syfubols used in this paper are defined in appendix A.) 




and the corresponding friction length is defined as 
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A reference tlire rriaj bs given as 

_ _L_ _ Ji. 

The gaojnetric conditions for a pipe are given by one 
parameter, the radius a. A revolving cylinder of 
infinite length represents another single-parameter 
case, in which the reference pararaeter is the radius 
of the cylinder. 

The equation of motion can be written in the form 

and, by adopting suitably defined mean values v/ith 
respect to time, at a given profile 

JL - p /I £\ 



Henceforth u will designate such mean velocity. By 
measuring the velocit;/ with i-espect to a velocity Uq 
in a fixed geometrical position c = ka. 




is obtained. About 1950 von Karman showed that for the 
turbulent layer this furiction is essentially independent 
of L and dependent only on the geometry as indicated 
in assTomption (1); therefore 



This quite remarlcable relationship, which has been 
generall?/ confirmed by Nikuradse, Wattendorf, and 
others (references 5 to 7)^ implies a similarity in 
the turbulent-field patteiTL away from the v^alls at all 
Reynolds n-ombers. The basic reason for this similarity 
remains unknown. 
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It follows from assumption (2) that near the wall 
u - U5 _ 



1 y 

— log 7 + Constant 



where I/k is the constant of proportionality. (Natural 
logarithm has been used throughout except where otherwise 
Indicated.) Since u ~ Uq at y = 6, this relation 
reduces to 

U-'Ug 1 y 

- - log 7 

TJt k , 6 

This logari thrriic relationshio holds to a certain value c 
of the sigiiif leant parameter a (see fig. 1), where 
c = ka with k a constant. The value of 1 - k is 
only a small fraction, so that the point c will be 
relatively close to the wall. The velocity in the center 
of the pipe is therefore given as the sum of three expres- 
sions, that is. 



Umax 'Uq 3 ^ 

= — + " log - + 

U n 5 



m. 



For the laminar sublayer 



- = ^ = a 

and the eqiAation may be rewritten as 

i^HS:^ = a - i log a -h i log 7 + - log ^ + 
1 

= Ci + - log ^ + 02 • 

v/here ' 

On = a - - log a 
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and 



c 



Toe ncnstant Cx is equal to the nondirnensional velocity 
ineasure-d on the logarithmic velocity profile when this 
curve is extrapolated to y = L, and the constant C2 
is the excess velocity in the center of the pipe as com* 
pared with that of the logarithmic line extended to 
y - a. (See fig. 1.) IVhon these constants are combined, 
the follov/ing general relation is obtained: 



The application of this theory to cases other than 
circular pipes is restricted to geometric configurations 
given by a single parameter. It is interesting to 
observe that both Qi and 1/k are universal constants 
resulting from the second assumption - naraely, that the 
flow near a v/all is a fionction of the distance from the 
wall only. The second constant C2 which gives the 

excess velocit^^ as com.pared with the logarithmic dis- 
tribution at a reference point, the location of which 
depends on the geometric dimensions Involved, is not a 
unive rsal constant but is dependent on the configuration 
and the cho~ice of""rFfeTenc-e— ±en-g-th-^ ^ — - 

The effect of surface- ro-aghness may be treated in 
a similar manner. If the roughness parameter c/l is 
less than a certaia magnitude , .-there is obviously no 
effect at all. This value of €/L is found experi- 
mentally to be $.5. por j- > 5 • 5 ^Jin.ax A^t shown 

to be constant, or Inde oerident " of L, except . for the 
so-called' unsaturated condition- whljch...wiLl-. be defined 
later. 'Thus 




= C-+"7-^ log.. 5-37 

c ~.-..iog-3..3 ■+ 



1 



-lo-g-f 



K 



or 




1 a 
=■ Ki +: - log - 
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Trie velocity distribution is exactly £iS if there 

v^^ere a laminar layer oresent of a thickness 5 - 

1 1 
or as if the length L were ^ATien L < ^, 

3.5 3-5 . 

the velocity distribution no longer changes with an 
Increase In Reynolds mnnber R. It seems, therefore, 
that the distance from the wall of the innermost 
disturbance, or the mean value of the thickness of the 
lam3.nar layer, is of the order of three to four times 
the height of the irregularities or the grain size 
This fact is not inconsistent with the physical 
interpretation • 



The quantity UmaxA'j is shown to equal \ / -~ 
Further, V ^ 



2_ 
D 



L = ^ 



U 



T 

^ ■ Umax 



and, therefore. 



Umax 



L V 2 



where R is referred to the maximum velocity and is 
equal to Umax^A • '^h® equation 



'4nax _ ^ . 1 



a 



ft 



= C + --log - 



m,ay thus be v;ritten 



or 



/H . G + - log rJ^ 
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wnere 

G - - log \/2 

K 

Q = ^ 



B'^ the sirnilarity hypothesis, the mean velocity in a 
DiDe differs fro^. the rnaximum value by a constant, or 

Um _ ^max 

— Jio 

where U^p^ is the mean value of the velocity. Prandtl 
gives for the value of K^^ (See reference 3, 

p. lii.2.) Fote further that the" product r^^jOj) remains 
the saTje v^hiether R and C'q refer to the mean or the 
max imum va 1 ue o f thxe ve loci t y ; the re fore , 

Urn , 1 pD 

— - C - 1{..C7 + - log R.j— 

K ^2 

and, finally, with R and C-q referring to the mean 
velocity, y-.^ 

^$;'~^h^Ti^^°^-^ 



where 



C - - - log \J'2 



0^ = 71 

With C = 5.5 and k = o.i|, 

C[. - O.I}. 

This value is not accurately established, as the various 
authors seem to differ. 



Drag of Flat Plate s 

In order to obtain the drag formula for flat plates, 
calculation similar to the von Xannan- Prandtl treatment 
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for pipes may be .nerfomed. The velocity deficiency Au 
is given by the rele,tion 



vmere TJ^^ Is a mean value between 0 and x, the 
distance, along the plate. The missing momentum may be 
written as 



M = 



or 



where U is the stream velocity and 6]^ is a significant 
length giving the thickness of the boundary layer. 
Rewritten, this equation becomes 

M „ ^Tm ^ Au ^/y\ /'^>mV ^ rV^^ \^ ./Y\ 

I ^.'k)-\-/ Hfe) it) 



or, by virtue of the similarity law, 

2 



Since the momentum is given directly as 



the following Identity is obtained: 

1 , „ ^Dm 

or 
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which gives 




Dm 



^5 1 . ^ 



Using the logarithmic deficiency relation gives for 
the valine or 2.5, and for C^yCc the value 

thus 



or 



X 



2.5 



I - h 



V 2 



By use of the von EaV^man-'Pranrlt 1 "^■"r-eatnent , the stream 
velocity is obtained in es3er;,Maily the same form as 
for pipes. With '^Tixall ad jasurentS;, therefore. 



•3 + r log 



K 



B^- use of the expression for 61 A, the following equa- 
"tton— i-s— efet&.-i-ned-; . 



Dm 



Local Values of Drag Coefficient for Plat Plates 

It may be noted that a relation for the local drag • 
coef f icieni: on a f::ac -lats may b^^ fo-und in a fashion 
similar to that •ji.o^^d l^z^ter frr a disk. Consider a plate 
of unit wiath; for the fall len:^th I, 



D 



= / ( -fpU- jcb: 
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With the subscripts m and x referring to mean and 
local values, respectively, for the length x. 



or 



Therefore 



where 



= r 



dx 



do 



'0 



Dm 



X = 



dC 



Dm 



dH 
R 



^ ■ ^Dra ~ -^Dx 



'Dm 



d(lcg r) 



" ^Dx 



'Dx 



= CQ^(n + 1) 



n = QPm) 
d(log r) 



Bomdary Relation for Revolving Disks 
The moment coefficient is defined as 

c - _J[ 
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The rnomsnt may also be written 
M 



= 2p I (2Tra)Uj,Ui-^a dy 



where -u^ is the variable radial velocity and is 
the tangential velocity, from v^hich 



UrmV £l 
wa / a ^7 



or 



6l 

— ~ Constant 
a 



The drag formula then reads 



A siinilar result was obtained by Goldstein in reference ii, 

TESTS AND RESULTS 



Tests on disks, cylinders, and streairiline rods 
were conducted to determine drag or raoment coefficients. 
For the cylinder the two coefficients are equivalent; for 
the disk and the rod it is more convenient to employ the 
moment coefficient, v/hich can be measured directly. In 
order to extend the range of Mach number, several tests 
v/ere conducted with Preon 12 or Preon 113 as the medium. 
The test results obtained are of technical interest 
because some of the data, particularly for the high Mach 
n^jimber range, were obtained for the first time. It 
may be pointed out that m.any of the earlier tests on 
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revolving disks and, in particular, on revolving cylinders 
were conducted on a rather small scale and in a limited 
range of Re^molds number. It may be noted that a con- 
siderable range of Reynolds nvunber is generally needed 
in order to confirm with sufficient reliability a par- 
ticular theoretical formula. For instance, it may be 
impossible to obtain a m.easurable difference between 
logarithmic or cower formulas if a short range of 
Re;^molds number is available. This matter of distin- 
guishing between the various types of formulas is of 
the ore tical interest . 



Experiments on Revolving Disks 

The moment coefficient is defined as 

M 



^pO)2a5 



This definition corresponds to the one^ for laminar flow 
on a revolving disk given by von Karman in reference 1 



as ! 



'M ^ ^1^ 



where 

R = 



The constant ai used by von Karman was 1.8i| for one 
side or 5.68 for both sides; this value was later 
adjusted by Cochran (see reference 8, vol. I, p, 112) 
to aj^ = 5«87. If this corrected value of a^ is . 
inserted, the formula for l-atnlnar flow reads 

1 

Cm = 3.87r"2 

The turbulent-flow formula as given by von Karman for 
revolving disks is 

' ' . ' Cm = o.i^Sr 5 

In figure 2 are shown the experimental results for 
tests of a series of revolving disks. The Reynolds 
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nuaiber ranged from about I6OO to more than 1,000,000. 
Note that the test points lie along the theoretical 
curves given by the von Karm^n formulas. The transi- 
tion from laminar flow is seen to occur at R = 510,000. 
This was the largest value reached with the most highly 
polished disk. 

The thickness of the laminar boundary layer is, 
according to von Karman, 

or, which is equivalent, 

_1 

I = 2.58r"2 

a 

Using Rg = leads to 

— = " = 2.58R ^ 

R a 



For the transition Re^molds number, 310,000, 

R5 = 2.58n/T 

v/hich is of the same order as the milnimum critical 
value obtained for pipes. 



Several tests were conducted for the purpose of 
investigating the factors affecting the transition 
Reynolds number. The first observation was that the 
transition Reynolds number could not be Increased beyond 
the value 51C.»000 no matter how highly the surface was 
polished or whatever other precautions were taken. Like- 
v/ise, it was unexpectedly difficult to decrease the 
transition Reynolds number. The application of coarse 
sand (60 mesh) glued to the surface of a disk (1-ft 
radius) only reduced the transition Reynolds number to 
about 220,000 (fig- 2). The reduction' in the transition 
Reynolds niomber by initial turbulence was also studied. 
A small high-pressure air jet applied near the center 
of the disk produced the greatest observed reduction 
(fig. 2) and brought the transition to a point near the 
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intersection of the lines reprevSenting - the drag formulas 
for laminar and turbialent flow, which is the absolute, 
minimum. Note that the drag in the turbulent region 
is quite appreciably increased by surface roughness. 

. The values of the m.oinent coefficient given in 
figure 2 represent obviously an integrated drag over 
the disk. An expression may be obtained for the local 
drag coefficient Cj)x as a function of local Reynolds 
number as follows: 





M 



-pa>2a5 





r/a 





Bj substituting 




2rr dR l^rt 
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or 



and 



^• (-Qg Cm) . 5 1 

^ d(log R) 2J 



log ^ log % ^ log 



K + I 
2Tr 



whe re 



Tf 



K 



d(log R) 



then 



n — t?n 



5 + 2n 



llTT 



By use of the expression for log C^^, some of the data 

of figure 2 are plotted in figure 5* Although the 

general picture does not change much, the abrupt nature 
of the transition becomes apparent. 

An illustration of the boundary- iayer~pr 6^^^^^ 

for various radii or Reynolds numbers is given in fig- 
ure in which curves of equal velocity \xt/^v are 
also plotted. Note that the thickness of the boundary 
layer in the laminar region is essentially constant. 
The transition value of R, 310,000, is shown approxi-- 
mately by the line marked '*Approx. transition" in fig- 
ure i^. The nominal laminar boundary- layer thickness 
consistently a^:>oears to be somewhat in excess of that 
given by von Karm.^n in reference 1, There appears to 
be some discrepancy' from the theoretical velocity 
distribution which is shown for the laminar boundary 
layer as obtained from work by Cochran. (See refer- 
ence 8, vol. 1, p. 112.) It is recognized that the 
experimental error in this case is of considerable 
magnitude. The tiirbulent boundary layer shows almost 
perfect agreement with the logarithmic curve, which 
is plotted for one profile in figure ij.. 
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It may be remarked here that a series of hot-wire 
tests were run to study fluctuations in the boujidary 
layer with the follov/ing results s 

(1) No disturbances were noted in the laminar 

region 

(2) A pure tone of a frequency of ^bout 200 cycles 

per second was observed in the transition 
region 

(5) A random disturbance involving much higher 

frequencies was observed in the turbulent 
region 

In figure 5 the un.per range of the Re:^7nolds number 
has been considerably extended. The highest Re^molds 

number reached is 7*000^0^0. The — pov;er law holds 

fairly well in the observed range which, however, is 
too Ivriiited to -hermit a distinction between the power 
law and the logarithmic lav^ for the veloclt77- distribu- 
tion. T-^e main -ourDOse of the tests, the results of 
which are shown in f injure ^'sis to investigate the 
effect of the Mach number. The first run taken with 
air as the mediun extended to. a Reynolds number of 
about 2,000,000 and a Mach number of 0.62. By using 
Pre on 12 as the medium, the range of Re ^mo Ids number 
was extended to 7> 000, 000. At the lowest pressure, 
the highest value of the ilach niimber reached was 1.6$. 
All the data for Preon 12 show a slightly higher drag 
than that given by the von Karman form.ula, apparently 
becavise of some systematic error. The significant 
restilt of this investigation is that the drag coeffi- 
cient is absolutely independent of the Mach number, 
A separate extension of the experiments to a Mach 
number of slightly more than two -further confirmed this 
independence of the Mach number. 



Experiments on Revolving Cylinders 

The experimental results for revolving cylinders 
are shcvm in fig\:J.re 6 as a plot of logxo"^B' against 

logj^gR, where R = -he drag fomula. for laminar 

flow on a revolving cylinder is obtained from Lamb 
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(reference Q, p. 588) as 
where 



qSa 

In this fox^mula S is the surface area and a the 
radius. In this case it is convenient to use Ct) 
Instead of Cj^j, which was used for the revolving 
disk^ because no integration is involved. The laminar 
curve is shown in figure 6. The drag relation given 
by 

for the turbulent flow is also shown in figure 6. 

The experimental results are replotted in fig- 
-ure-.2_,. JLhere is shown as a function of 



log-LoRy'^. The relation for the turbulent flow 

^ -0.6 + I4..07 logT_oR\/c^ 

appears in figure 7 as a straight line. The coeffi- 
cient Or, in this formula corresponds to a value 
of O.ij. for von Karm^n's universal cons,tant k. The 
relation for the laininar region . c-n = ^ aopears as 
,a -cuj:j,ved-"llhe near the origin. 



It is noted that the drag coefficient for rough 
cylinders is dependent on the relative grain size c/a, 
where e is the size of the sand and .a is the radius 
of the cylinder (see fig. 8), and that for each grain 
size the drag coefficient remains constant and 
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independent of the Reimolds nioinber beyond a certain 
miniiraxm or critical value, which lies on the line for 
■turbulent flow. In regard to the magnitude of the 
drag coefficient as a function of relative grain size • 
for particle "saturation" of the surface, it may be 
remarked that the value of 6 isa measure of the 
thickness of the sublayer or, what amounts to the 
same thing, a measure of the minimum grain size of 
the turbulence. It is therefore to be expected that 
the surface roughness will become effective at the 
Reynolds number for which e^^, the critical value 

of €, becomes less than the grain size Inversely, 
it may be seen that, if the Reynolds nmber becomes 
smaller than this critical value, the grain size of 
the turbulence is too large to be affected by the 
surface roughness. With € greater than ^^p, which 

is 5»5L, the following relation is approximately true 

for the drag coefficient beyond the critical Reynolds 
number for surface roughness of saturation density: 

~ ^ -0.6 -f. i;.07 log^^Q 5.3 \/2"^ ■ 

= 2.12 + k*07 log]_o f 

In figure 9 the experimental points are shown to 
satisfy this theoretical relation with sufficient 

accuracy. 

Tests were made to determine the effect of the 
density of spacing of grains of a given size, and the 
results are presented in figure 10. Such tests were 
m.ade xvith a certain imit grain size but with the sur- 
face density in grains per square inch varied between 
90 and 2200. The grain size used corresponds to the 

size " = 0.03, also used for the preceding experl- 
a 

mental results shown in figure 8. It is verified that 
the critical Rejmolds number depends on the grain 
size only, and it is further shovm that the slope of 
the drag curve beyond the critical* Reynolds number is 
a function of the density. A saturation condition 
evidently always exists, in which the drag coefficient 
remains approximately constant and equal to the 
critical value . 
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Experiments on Streamline Rods 

In figure 11 results are given for certain more 
or less streamline bodies, each tested in two or more 
different mediums. The tests were obtained by using 
actual propellers of 12-inch diameter, which are 
designated propellers B and C, Propeller B had a 
section of double symmetry with a circular-arc contour 
line. Propeller C was obtained by reducing the chord 
of propeller B by removal of about one-fifth of the 
chord near one extremity to obta5,n a blunt-nose air- 
foil. By running propeller C backwards an airfoil 
with a blunt trailing edge could also be studied. The 
drag coefficient used in figures 11, 12, and 13 is the 
standard torque coefficient i:3ed for propellers 

For the symmetrical airfoil B, a value of the 
Mach number-^of about one was reached in air, the range 
was extended to 1,6 in Freon 12, and the characteristic 
decrease in the drag coefficient was finally reached 
In Freon 115. A considerable decrease in drag coeffi- 
cient was noted at the largest. Mach number, 2.7, which 
to the knov/ledge of the authors is the highest Mach 
number reached except for a few cases of projectiles. 

The blunt-nose airfoil section C showed approxi- 
mately the" same~lr>w- spee-d- -re-si-s-t^a^^^ the . _s_ymme tri__oal 
sharp--ncse section B hut had a maximim torque coeffi- 
cient x'-ery much in excess of that of section B. The 
test extended only to near the peak of the torque curve 
with Freon 12 as the medium. By reversing the direc- 
tion of motion of propeller C to obtain a blunt rear, 
the expected large increase in drag at low Mach nmbers 
was observed. The appreciable difference in Reynolds 
nujrPxber for air and preen 12 is apparent from the 
difference in drag coefficients in the range below a 
Mach number of unity. For higher Mach numbers, the 
drag coefficient of the section with the blunt rear 
lies between the drag coefficients of the doubly 
streamline section and the blunt-nose type; the stream- 
line leading edge is approximately twice as effective 
as the streamline trailing edge, a result in general 
agreement with earlier observations. It should be 
noted, hoYirever, that the lov^est drag is obtained with 
both leading and trailing edges streamlined, 

^Kote that the Mach munbers used in figures 11, 12, 
15 s-re based on the tip radius. 
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The effect of the ReAmolds number is also shown 
in figv.re 12, wVrLch gives the results of tests to 
stud7/ how the scale effect is superimposed on the 
Mach nu/nber effect. It should be noted again that 
the Reynolds riujnber effect appears only for a ?4ach 
number below unity. A wide variation in the Reynolds 
number showa no consistent measurable effect on the 
drag for a Mach number greater than lanity. Similar 
data for a small angle of attack, instead of zero angle 
of attack as used in the preceding discussion, were used 
in one case, for which results are given in figure 13. 

The four propellers* referred to in figures 11 
to 13 are shown in a photograph (fig. li;) and the 
dimensions of the propellers are given in table I. 

It is of some interest to Interject a superficial 
analysis of the results presented herein, in view of 
Ackeret's formula as given by Taylor (reference 10). 
For the local section Ackeret gives the drag coeffi- 
cient as 



V 2 
\a • 



) Y-^ ^ 



where the bar indicates- the mean value. 
For ze ro angle of attack and a synnnetric section 

this relation becomes 

1 

Cd - W~ - 1 J' 



with = 



where 



is 



For a circular-arc section 3^ =.—8 

■ • 3^max ' r-max 

the maximum angle. This angle is, in turn, approximately- 
equal to twice the thickness ratio t, which is the 
total thickness divided by the chord. For circular-arc 
sections, therefore, 

1 



C 



D 



Figure 15 shows Cj) plotted against Mach number 
for different values of t. At M =1.0, the curves 
tend erroneously to infinity. This effect follows 
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frora a sr7ipl3.f Ting assixmption used in the derivaticn of 
Acke re t ' s formula . 

By using the general form f(M) instead of the 

Mach number function ^ - 1, the drag coefficient 

2 

may "be written ^ 

% = ^t2f(M). 



The torque coefficient is knovm experimentally to 
be a function of the Mach miraber, or I/xq^, where x^. 

is the fraction of radius at which the Macli number is 
unity J thus, the following integral relation is obtained 



There are sei^eral wa^/s of handling this relation. The 
nondimensional chord' c and the 'ohickness t may be 
taken to represent a preferred section at approximately 
80 percent of the radius. By assuming an initial drag 
coefficient Cr) any desired accuracy m,ay be obtained 
— b-T- 4-t e -rat ion. _me th pd s 



The fujriction f(M) shown in figure 16 has been 
obtained for proneller B by such a process based on 
the expeririiental data given in figure 11. Note- that 
the drag coefficient approaches the value given by 
the Ackeret formula for lax'ge values of f or ■ 

which f(M). approaches (M^ - 1)^"^. Note further that 
the maximm value of the drag coefficient occurs 
at M = 1.2 with f(M) almost ejiactly equal to unity. 
It is, of course, not to be concluded that the fujic- 
tion f(M) has general validity; the fun.ction is 
given here for propeller B for the purpose of com- 
pariiig the data with the Ackeret theory. 



CONCLUDING REMARKS 



Experimental results on the drag of revolving 
disks have been presented, which substantiate to a 
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remarkable degree drag .formulas based on the von Karman- 
Frandtl theory of skin friction. The range of the 
investigation was extended to a Mach nmber of I.69, 
which is beyond the range of any earlier test, and 
to a Reynolds number of 7*000,000. It was established 
that the skin friction is" independent of the Mach 
nujTiber up to this value and appears to be a function of 
the Reynolds number only. 

The drag at supersonic speeds vv^as studied with 
revolving rods or propeller sections. Mach numbers 
as high as 2.7 v/ere attained in the tests. The drag 
at supersonic speeds is a function of the Mach number 
only, as It appears to be essentially independent of 
both the Reynolds number and the nature of the mediiom. 
The characteristic peak in the drag curve observed for 
projectiles was obtained. For thin streamline bodies, 
this peak appears at Mach numbers only slightly beyond 
unity; in fact, it appears at a Mach number of 
about 1.2. Systematic tests were conducted on stream- 
line bodies with combinations of sharp and blunt leading 
and trailing edges for the purpose of obtaining the 
relative merits of such features. It was found that 
the increase in the peak value of the drag coefficient 
resulting from a blunt nose is about twice that 
resulting from, a blunt trailing edge, when both drag 
coefficients are comr)ared with the drag coefficient 
of a section with streamline leading and trailing 
podges, which has the lowest value. 

Significant results vvere obtained on revolving 
free cylinders for v«?hich references to earlier tests 
seem to be lacking. It was foujid that, at very low 
Reynolds numbers, the drag asymptotically approaches 
the laminar drag of the classical theory" whereas , 
at higher Reynolds numbers, the drag is found to 
conform to a logaritiimic fonnula of the von Karman 
type. There is no distinct transition from laminar 
to turbulent flow, as is found in pipes and on 
revolving disks. The flow is essentially turbulent 
dovm to the sm.allest Reynolds numbers. 

The effect of initial turbulence was particularly 
studied in connection with tests of revolving disks. 
It was foiind that the transition Reynolds nijimber v/as 
very slightly affected. The critical Reynolds nimiber 
at which the roughness effect appears depends on 
particle size only and is not a function of particle 
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density. Beyond thr- s value of the Rer^molds nvunber, 
the drag coefficient is constant only when the surface 
is "saturated," that is, when the density of the 
individual particles attains a maxlmxm value. For 
a roughness of less than this particle density, the 
drag coefficient decreases v/ith Rej^nolds number. 

It is interesting further to note the persistence 
of the logarithmic reiation3hip._ V^hen 1/^05 is 
plotted as a function of log RsJC-q (where C5 is the 
drag coefficient and R is the Reynolds number), the 
lines representing turbulent flow are invariably straight. 
A rather critical demonstration of the logarithinic 
velocity pattern near the surface is thus shown. The 
range investigated is of considerable extent. 
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APPENDIX A 
SYMBOLS 

Tlx friction velocity -—'^ 

Tq shear per vinit area at surface 

p raass of air per imit volume 

XJjy^ mean friction velocity (from 0 to x) 

TJ stream velocity for flat plates 

^max inaximam velocity 

Uv,^ mean velocity (in pipes) 

TJq reference velocity (at a given fraction of radius 
or of other reference dimension) 

Ug velocity at 5 

u absolute variable velocity of fluid dn boundary 
layer 

Au velocity deficiency, stream velocit^^ minus local 
velocity for flat plates 

u^^ radial velocitv^ for disks 

ut tangential velocity for disks 

^ angular velocity, radians 

5 thickness of laminar sublayer 

5 1 boundar;/- layer thickness 

L friction length i^'/Uj) 

I total length of plate 

T reference time (L/U^) 

t time; also, thickness ratio for propeller section, 
thickness of airfoil 

chord 
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coefficient of kinematic viscosity 
^ coefficient of viscosity 

r variable radius of pipe, disk, or propeller 

a radius of pipe, cylinder, or disk; also, velocity 

of sound in fluid 

X distance from leading edge of flat plate in 

direction of flov/t also, fraction of propeller 
r 

radius " r ^^'here R denotes radius of 

propeller tip) 

fraction of propeller radius at which Mach number 
is unity 

y distance normal to surface 

nondimehsional profile constant for turbulent 
^ flow near wails 

c fraction of reference dimension (r - k): also, 

nondimenslonal chord of airfoil, -H£i2£iL 

radius 

a angle of attack of airfoil; also, profile 

~ - - - — cons-tant--^C,5/L ) 

Gj) total-drag coefficient (Many authors use f , ^, 
or instead of Cjs for pipes) 

^Dm i^^iOan drag coefficient (from 0 to x) 

^Dx local drag coefficient 

D ci.rag; also, propeller diameter 

drag of plate (from 0 to x) 
e grain size of roughness 

^cr grain size of critical roughness for particular 
value of drag coefficient 

moment coefficient for revolving disks 

M missing momentum; moment for disks; or Mach ni;imber 
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R Rejnclda mmber 

Kg Reynolds member "based on thickness of 

boundary layer ■ 

R^ Reynolds number based on distance from leading 

edge of flat plate or on local radius of disk 

Reynolds number based on pipe diameter . 

Reynolds, number based on pipe radius 

V velocity (Ackeret formula) 

q dynamic pressure (for cylinders, q = jpo.^a^ ) 

S area of cylinder 

^3, torque coefficient (Q/pn^D^) 

Q torque 

N nuinber of blades 

n rotational speed, revolutions per second; 

also, coefficient in pov/er law 

angles which upper and lov^^er SLU?faces of 
"airfoil make with -center line 

Pmax maximuLu vangle which circular-arc section 

makes .v:lth center line 

C-|^ nondimerisional velocity measured on logarithmic 

velocity profile when this curve is 
extrapolated to y = L 

C2 nondimenslonal excess velocity at y = a over 

that of logaritlimlc line extended to y = a 

C = Ci + C2 
Cj,C|^, ... constants 
K]_,K2 5Kj5 . . .constants 
k constant 

a^^ constant in equation for moment coefficient 

of revolving disks 
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APPSI\^IX B 

NUTffiRICAL VALUES OF POWER REQUIRSP.IENTS FOR 
REVOLVING DISKS AND CYLINDERS 



A chart is presented (fig. I?) which gives the 

horsepower required to drive a smooth disk in standard 
air (760 nim and IS^ C, p = 0.00253 slugs/cu ft and 
v> = 0.000159 ft^/sec). Lines of constant horsepower 
ranging in value' from 0.01 to 1000 are plotted with 
disk rotational speed (in rpm) as abscissa and disk 
diameter (in ft) as ordinate. The dashed line in 
figure 17 represents a Reynolds number of about lj.00,000, 
which is considered the transition Reynolds number. 

The following fonnulas were used to calculate the 
power for disks operating in the turbulent region: 

1 

Cj^ = 0.11|6r 5 ■ 

A S A 
1 



Mm 

Horsepov/er = - — 

^0,11^6. c.8^ii.,4^2. 8.0.2 ■ 

550 x2 ^ ^ 

Inasmuch as the formula for Gj^ is based on the 
~ power for velocity distribution, the calculated values 
of Gyi are too low for high Reynolds numbers. This 
error may become appreciable for the highest power, 
since the chart (fig. I7) covers a range of Reynolds 
numbers to 60,000,000. 
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A chart is also presented {f?ugo l8) which gives 
the horsepower required to rotate a smooth cylinder of 
unit length (1 ft) in standard air. The following 
formulas have been used in calculating the curves: 

Ivio = Cc-qSao) 

Cnpoo^a-^ 
= 2Tra ~ laco 



Horsepower ^ 



550 

'vvhere, for smooth cylinders, 

= -0.6 + I1.O7 loSio^V^ 
snd, for rough cjlinciers, e > 

-~:r ^ 2.12 + 1+.07 losio f 
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APPENDIX C • 
COLLSCTED .SKIN-PRICTION FORMULAS 

.PLAT PLATES (ONE SIDE) 

Symbols 

The follov/ing symbols are used in the formulas for 
flat plates collected herein: 

Ct) total drag coefficient 

^Dx local drag coefficient at point x 

X distance from lead,ing edge of flat plate in 
direction of flow 

I length of flat plate in direction of flow- 

R Reynolds n-umber based on I 

R« Reynolds nuiaber based on x 

Laminar Flow 

The formula for total drag coefficient 

^1 

= I.528R 2 

is based on the simplified hydrodyiiamic equations 
developed by Prandtl in 190^^+. (See reference 2, p. 2.) 
The constant, which V;^a3 calculated by Blasius in 1908 
as 1.5275 '^as calculated by Topfer in I912 as I.528, 
(See reference 3, p. 89.) The formula for local drag 
coefficient Is 

1 
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Von Karman^ Schoeiiherr , and others have Indicated that. 
If the total drag coefficient is 

Cq = Constant 

the local drag coefficient is given as 

This relation is derived in the section entitled "Local 
Values of Drag Coefficient for Flat Plates" in this 
paper. All icri?ralas given in- thic appendix for the local 
drag on flat plates are in conforraSty with this derivation. 



Turbulent Flow Ciriooth Surface 
The forrrrulas 

1 



and 

1 

were first .calculated b^- von praraian in I920. (See 
references 1 and 2.) Based on resixlfcs froin pipes and on 

the i-povi-er law :^or velocity distribution, they are 

conseq\;ently valid in the lower Reynolds number range, 
R < id, 000, 000. 

Some writers use the following formulas of the sair^e 
type, whicla eve fairly accurate to a F.eynolas number of 
500,000,000; ^ 

Gt) = 0.05 OR 7 
_1 

•Ct)x = 0.02 6r^ 7 
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Of more general validity are the so-called loga- 
rithiiiic drag formulas of the type 



k.15 10Q^(^C-Q 



The form of this relation was determined by von Karman 
with constants adjusted to conform with data hy Schoenherr 
and others. (See reference 2, p. 12.) In the present 
paper a different form has heen developed, which is In 
somev/hat stricter theoretical conformity with the physical 
relations involved? 



= [{..07 log 



VCd ~ ^-^^ 1 - 5.5WC 



Prandtl has developed an explicit expression which 
gives essentially the same results as the logarithmic 
formulas. It is 

-2.58 

= o.J4.55(iosioR) 

("See" 3?ef erence— 37-p-i — 15 Jj . -)— .j?he _.lo.cal_drag coefficient 
has also been given by von Karma'n In a logarithmic ~fdfm " 
with the constants adjusted to fit the experiments of 
Kemp, which incluaed measi-irements on small movable plates 
inserted on a long pontoon. This formula is 



1 



(See reference 2, p. 12.) 



= 1.7 + i4..15 IosiqR^Ct)^ 
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Turbulent Plow - Rough Surface 

Sohlichting (see reference 3, p. 582) gives the two 
following formulas for the total and the local drag coef- 
ficients for rough flat plates, respectively; 

Cd = (1.89 H- 1.62 logio 7) 

Cdx = (2.87 + 1.56 logic 7) 

Von Karineri (reference 2. p, 18) gives for the local drag 
coefficient for rough sur*faces a forraula of the loga- 
rithmic t27pe 

— ~ = 5-8 + i}-15 logio 7Vc^x 
vCdt ^ 



PIPES 



ymbols 



The s-jnrabol used in this section refers to the 

Reynolds number based on the pipe diameter and. the mean 
flow velocity, and the symbol Rg^ refers to the Reynolds 

number based oh pipe radius* Some writers use f or f 
instead of Cn, used herein, and others use' \ where 



L- Jiii:iar Plow 

For , laminar flow in pipes the formula for drag coef- 
ficient is 

This formula is attributed to Poiseuille and Wiedeman, 
(See reference 5, p. 38, and reference 8, p. 298.) 
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Turbulent Plow - Smooth Surface 

The formula for drag coeffic3.ent for turbulent flow 
In smooth pipes Is 

^1 

% = 0.079Rd ^ 

This formula is based on the experimental work of Blasius 
(see reference 5^ P- 156), for which the Reynolds number 
range v/as rather limited. Later work by Nikniradse (ref- 
erence 5) extended the rs^nge of Reynolds number to a 
much higher value. The follov/ing formula of the type 
developed by von Karnian fits the data better: 

- ^o.ko + i+.OO logioWC^ 



(See reference 8^ p. 338.) In the present paper a 

form.ula of this type with different constants is developed: 



^ O.kO + 1+.07 logioRa-/CD 



Turbulent Plow - Rough Surface 
?or turbulent flow in rough pipes 

a 



D 



The expericiental v^ork in deriving this .formula was done 
hy Mikiaradse . (See reference 8, p. jSOj and reference 6.) 
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REVOLVING DISKS 
Syitfocls 

The follov^ing s-ymbols are used in the formulas for 
revolving disks: 

C^,i rnoTTient coefficient 

^Dx local drag coefficient at radius xx 
R-^ Reynolds number at radiiis x { ) 

\ ^-^ / 

Laminar Plow 

?or laminar flow 

_1 

Gj^;. = 5.87R 2 



ana 



1 

=: h3l p "k 



This formula for local drag coefficient is derived from 
the relation 

c = ^i--^ C 



For the development of this relation and for references, 
see the section entitled ^'Experiments on Revolving Disks" 
in this paper. 

Turbulent Plow 
For turbulent flow 

A 

% = o.iij.6R 5 
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and 

The forrAula for the local drag coefficient Cj^^ is 

derived from the equation for" the moment coefficient Cj^ 

in the same way as for the case of laminar flow. The' 
local drag coefficient in logarithmic form may be given 
as 

— ^ = -2.05 + ij..07 logioRxV^D 
VCdx 



The constant -2.05 i^-^s teen adjusted to fit the data 
of figure 

REVOLVING CYLI1©ERS 



For laminar flow 




For turbulent flow on smooth cylinders 



— - = -0.6 + k,07 logio^VCD 



For turbulent flow on rough cylinders 

= 2.1 + i,.o loe^o^ 

The development of these formulas and the references are 
given in the section entitled "Experiments on Revolving 
Cylinders." 
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TABLE I 

DIMENSIONS OF PROPELLERS OR REVOLVING RODS 
FOR TESTS AT HIGH MACH NIBIBERS 



[ah propellers have a straight taper in chord and thick- 
ness. The tips are rounded as shovm in fig. 









At 50 percent 


At 92 percent 


Propeller 
desig- 
nation 




Airfoil 


Pitch 


radiua 


r, 


adius 


-section 



(dsg) 


Chord 
(in. ) 


Thickness 
(in.) 


Chord 
(in.) 


Thickness 
(in.) 


3 


Circular 
arc 


0 


1.75 


0.51 


1.07 


0.11+ 


rt 


Blmt nose 


0 


1.30 


.35 


.82 


.15 


D 


Circular 
arc 


^2.5 




.18 


.1.05 


.11 


E 


Circiilar 
arc 


0 


.85 


.13 


.52 


.07 



^Propeller D was tv/latea so~tha"t~approx-ima-te-l-y— ^he— ou-ter. 
half of the blade had an angle of attack. 
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Fig. 1 



Umax 




L 



Plgia»e 1.- parameters and fionctlons of the velocity profile by the von Karman-Prandtl^ theory . 
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Fig. 3 
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Fig. 5 
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Fig. 7 




Figure 7.- Drag parameter -i- for -smooth cylinders as 

\/% 

function of logj^g ^'^^ 
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Fig. 8 
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Fig. 9 




as function of logj^Q ^ . 
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Fig. 10 
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Fig/ 1 




Figure 11.- Torqua coaffielant Cn = — ?^ »» function of Bach mimtwr for propellars B- and c. 
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Figs. 12, 
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Fig. 14 
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Figs. 15, 16 





Figure 15 Theoretical curves of the drag coefficient Cn against 
Mach number for various* thickness ratios for elrculttr^re airfoils 
by Ackerat*8 fomula. 




Figure 16 values of drag function f (U) as function of Hach nuinber 
from analysis of experimental moment curves for propeller B In 
figure 11. 
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Fig. 17 
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Figure 17 Power requirement for soootb disks. 
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Fig. ] 
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Figure 16.- Power requirement for snooth cylinders (1-ft length). 



